Family study can provide estimates of overall genetic influences on a particular trait because family relationships provide accurate measures of average genetic sharing. However, evidence of genetic contributions to skin phenotypes is limited, which may preclude genetic studies to identify genetic variants or to understand underlying molecular biology of skin traits. This study aimed to estimate genetic and environmental contributions to selected dermatologic phenotypes, that is, to melanin index, sebum secretion, and skin humidity level in a Korean twin-family cohort. We investigated more than 2,000 individuals from 486 families, including 388 monozygotic twin pairs and 82 dizygotic twin pairs. Variance component method was used to estimate genetic influences in terms of heritability. Heritability of skin melanin index, sebum secretion, and skin humidity (arm and cheek) were estimated to be 0.44 [95% CI 0.38-0.49], 0.21 [95% CI 0.16-0.26], 0.13 [95% CI 0.07-0.18], and 0.11 [95% CI 0.06-0.16] respectively, after adjusting for confounding factors. Our findings suggest that genetics play a major role on skin melanin index, but only mild roles on sebum secretion and humidity. Sebum secretion and skin humidity are controlled predominantly by environmental factors notably on shared environments among family members. We expect that our findings add insight to determinants of common dermatologic traits, and serve as a reference for biologic studies.
Paying attention to one's appearance is a part of basic human behavior, with which many daily life decisions are made. Many skin traits are related to appearance, and skin color is probably one of the most distinctive traits that characterize complexion.
Skin color is affected by melanin, carotenoids, oxyhemoglobin, and hemoglobin itself or its metabolite such as bilirubin (Freedberg et al., 2003) . In addition, clinical conditions, such as jaundice, flushing, anemia, and melanin level affected by sunlight play important roles in determining complexion. Many people have been very interested in skin pigmentation disorders such as melasma and vitiligo. Dermal hyperpigmentary diseases are commonly found in Asians (Kang, 2012) . Genetic factors have been reported to play significant roles in skin pigmentation, with heritabilities (h 2 ) ranging from 0.34 to 0.90 (Byard, 1981; Clark et al., 1981; Paik et al., 2012) . The importance of genetic influence on melanin index response to sunlight exposure has also been reported (Barsh, 2003) .
Levels of sebum secretion and skin humidity are additional traits that influence dermatologic conditions and aesthetic characteristics. Individual variations in sebum and humidity levels may be associated with the risk of acne or eczematous skin lesions. Sebum is a secretion of liquefied fat from sebaceous glands and protects the skin surface from drying. Alterations in sebum secretion are address for correspondence: Joohon Sung, Department of Epidemiology, School of Public Health, Seoul National University, 559 Gwanak-ro, Gwanak-gu, Seoul, 08826, Republic of Korea. E-mail: jsung@snu.ac.kr associated with common dermatologic conditions, such as acne vulgaris and seborrheic dermatitis, and a sebum excretion rate correlates with the severity of acne (Bataille et al., 2012; Bataille et al., 2002; Walton et al., 1988) . The heritability estimate of acne was reported as 0.81 in the UK Twin Registry. Prevalence of acne is found in 70% of adolescents in Korea (Cho et al., 2014) . The study reported that family history of acne is associated with increased risk of occurrence of acne in Korea (Cho et al., 2014) . Sebum excretion is considered to be under genetic control but modified by environmental factors (Walton et al., 1988) . Skin humidity is maintained by the skin barrier function but influenced by exogenous factors such as climate and endogenous factors such as hormones (Pons-Guiraud, 2007) . Dysregulation of skin humidity is associated with xerosis, pruritus, increased irritability, and aggravation of existing skin diseases such as atopic dermatitis, psoriasis, hand eczema, contact dermatitis, or xerotic eczema (Miyagaki & Sugaya, 2015) . However, to our knowledge, it has not been reported to what extent genes are involved in the regulation of skin humidity. Inference from indirect evidence might suggest the role of genetics in skin humidity control; that is, a recent metaanalysis of genome-wide association studies found that mutation in the filaggrin gene, known to stabilize the skin barrier (Ginger et al., 2005) , is associated with atopic dermatitis, in which humidity may modify the onset or severity of the disease (Paternoster et al., 2012) .
Heritability, which is a proportion of additive genetic variation out of total phenotypic variation, commonly evaluates the genetic contributions to the traits. The rest of the variance is explained by shared family environment and unique environmental factors (Bataille et al., 2012) . Because family relationships provide accurate measures of average genetic sharing, family studies can provide estimates of overall genetic influences on a particular trait. However, to our knowledge, evidence of genetic contributions to skin phenotypes is limited, which may preclude genetic studies to identify genetic variants or to understand underlying molecular biology of skin traits.
Family studies confer an advantage in dissecting genes and environments, and adding twins can enrich family studies. The presence of monozygotic (MZ) twins enables the discrimination of polygenic and shared environmental variances, and potentially increases the power of familybased studies (Abecasis et al., 2002; Bataille et al., 2012) In order to estimate genetic and environmental contributions to skin phenotypes and to identify associated risk factors, we measured skin melanin index, sebum secretion, and skin humidity levels by using standardized measures in a Korean twin-family cohort.
Materials and Methods

Participants
The subjects involved in this study were selected from the Korean Healthy Twin Study, which is a twin-family cohort study aimed at investigating the genetic and environmental risk factors associated with complex diseases. The study cohort consisted of same-sex twin pairs (≥30 years old) and their first-degree adult family members. Participants were recruited by mail, based on the existing nationwide twin-family register, and by advertisement. The study design for the Korean Healthy Twin study has been previously described in detail (Gombojav et al., 2013; Sung et al., 2006) . The skin survey was accompanied with the general health examination, which requires fasting for 12 hours (for glucose and lipids test). A very limited amount of water is allowed but no alcohol. Epidemiologic and clinical data were recorded by qualified interviewers at two clinical centers of general hospitals at the Samsung Medical Center in Seoul, and at the Busan Paik Hospital in Busan from November 2005 to January 2011. The study protocol of the Healthy Twin Study was approved by the institutional review board (IRB) of each hospital. The declaration of Helsinki protocols was followed and participants in the Healthy Twin Study gave their written, informed consent.
We used 16 short tandem repeat markers (AmpFlSTR Identifier Kit; PerkinElmer, Norwalk, CT) to confirm the zygosity until 2009, and then a zygosity questionnaire validated for accuracy (Song et al., 2010) . Family relationships were further confirmed using 1 million SNP markers (Affymetrix GeneChip version 6).
Measurements
Skin phenotypes were measured by using a C+K multi probe adapter MPA 9 and probes (Courage + Khazaka Electronic GmbH, Köln, Germany). A Mexameter R MX 18 was used to assess melanin indices (MIs), as described by the EEMCO (European Group for Efficacy Measurement on Cosmetics and Other Topical Products; Pierard, 1998) . The probe type used produces light and a receiver measures light reflected by skin. The MI value is computed as the ratio of the quantity of light emitted by the probe and the amount absorbed by the skin. Skin MIs were measured at three sites, that is, a cheek, the flexor surface of the right upper arm, and the lumbar area of the back. The authors selected the back region because it is less affected by exposure to sunlight. The participants were instructed to avoid applications of facial or body cream for 1 day before coming for their health examination and survey. Measurements of sebum secretion were taken from the glabella after washing the face for 30 minutes with a standardized detergent, using a Sebumeter R SM 815, as described by the EEMCO (Pierard et al., 2000) . For skin humidity, measurements were taken from two sites, on a cheek and on the flexor surface of the right upper arm. Hydration level was estimated by using a Corneometer R CM825, as described by the EEMCO (Berardesca, 1997) . All skin measurements were repeated three times, and if two measurements differed
TWIN RESEARCH AND HUMAN GENETICS
by more than 10%, the median value of the three were used, otherwise the average was taken; room temperature was maintained at 18-23°C and a relative humidity of 40-60%.
Statistical Analysis
We explored the relationships between continuous skin phenotypic variables (melanin index, sebum, and humidity) and covariates such as, age, sex, serum creatine, medical histories (hyperthyroidism, diabetes mellitus, atopic dermatitis, and chronic hepatitis/liver cirrhosis), smoking status, and the season when measurements were taken, using Spearman correlation analysis (for continuous variables), Wilcoxon rank sum test (Mann-Whitney U-test for dichotomous variables), or the Kruskal-Wallis test (for categorical variables). Statistical analysis was performed by using SAS version 9.3 (SAS Institute, Cary, NC, USA). Intraclass correlation coefficients (ICC) of skin phenotypes were estimated to evaluate familial correlations between specific family pairs in the pedigree by using S.A.G.E. software, version 6.1 (http://darwin.cwru.edu/sage/). Heritabilities (h 2 ) of each skin phenotype were estimated by using variance components methods using the SOLAR-Eclipse software package (http://solar-eclipse-genetics.org/). For heritability analysis, rank-based inverse normal transformation was applied to sebum and humidity values with deviated nonnormal distributions (Beasley et al., 2009) . Estimated heritabilities of skin phenotypes were adjusted for linear and non-linear effects of age, sex, the interaction between age and sex, and other covariates found to be significant. Differences between twins and non-twins are dissected into their respective genetic distances in the analysis. Identical twins show 100% genetic correlations, whereas fraternal twins shares 50% of genetics (the same as a usual sibling). Being a same family are further considered as random effects (as shared familial environments) in the model. The bestfitting model was selected based on likelihood estimates, for different models explained by additive genetics (A), nonadditive genetics (= dominant genetics, D), unmeasured shared environments (C), and unique environments (E). Shared environmental components with household effects were considered by using the ACE model (including additive genetics and unmeasured shared and unique environments in the variance component model) for each skin phenotype.
Results
Initially, 3,079 subjects from 661 families, with 531 MZ and 121 dizygotic (DZ) twins were eligible for this study, and of these, 2,089 individuals (484 families, 385 MZ/81 DZ) were included in the analyses for melanin index, 2,167 (476 families, 375 MZ/81 DZ) for sebum production, and 2,185 (486 families, 388 MZ/82 DZ) for skin humidity. Supplementary Table S1 presents the association between clinical characteristics and each skin phenotype. Except for age and smoking status, melanin index did not show significant associations. For sebum secretion index and skin humidity, age, sex, seasonal variation, and medical history (chronic hepatitis/liver cirrhosis, atopic dermatitis, or hyperthyroidism) showed associations (Supplementary material is available on the Cambridge Journals Online website.). Table 2 shows the familial correlations between possible pair of family members for each skin phenotype. Correlations between MZ twins were moderately significant with r = 0.593 for melanin index, r = 0.459 for sebum, r = 0.379 for arm humidity, and r = 0.460 for cheek humidity (all p values < .0001), and these were higher than between pairs of full siblings (r = 0.315 for melanin index, r = 0.242 for sebum, r = 0.249 for arm humidity, and r = 0.315 for cheek humidity, all p values < .0001) and that between parentoffspring pairs (r = 0.222 for melanin index, r = 0.216 for sebum, r = 0.232 for arm humidity, and r = 0.298 for cheek humidity, all p values < .0001). Spousal correlation estimates of sebum and humidity were significant with r = 0.203 for sebum (p value = .0012), r = 0.240 for arm humidity (p value = .0001), and r = 0.373 for cheek humidity (p value < .0001). The ADE model (including additive and dominant genetics and unique environments in the variance component model) for melanin index fitted better than the AE (including additive genetics and unique environments in the variance component model) or ACE models. For sebum and humidity phenotypes, the ACE model fitted better than the AE or ADE models; however, heritability estimates according to the ACE model tended to be lower than those of the AE or ADE models ( 
Discussion
Skin phenotypes, such as melanin index, sebum, and humidity are common complex traits that are explained by genetic and environmental factors. However, only a few genetic studies have addressed these skin phenotypes. Family studies of quantitative skin phenotypes enable the dissection of individual variation in skin phenotypes into genetic and environmental contributions, comparing the similarities of traits across different genetic relationship, assuming that they share certain level of common environments. In this study based on Korean healthy twins and their family members, each skin phenotype was found to be influenced by genetic and environmental components to varying degrees. Our heritability estimation finding suggests that over 43% of variation in skin melanin index in Korean twins and their families was conferred by genetic influences. Genetic studies on skin complexion involving genetically homogenous population have reported similar or larger genetic effects; 0.34∼0.48 for Australian (Clark et al., 1981) or 0.83 for Mongolian (Paik et al., 2012) . Differences in study design and analytic methods make comparisons between previous studies and ours inconclusive. The study by Clark et al. (1981) measured pigmentation on more exposed skin areas and only involved twins. Thus, the findings from this study may reflect both melanin index and response to ultraviolet exposures. Additionally, involving only twins may inflate the heritability estimation, because nonadditive genetic effects are not easily discriminated from the additive genetic effects. A study in a Mongolian population that measured skin darkness on the buttocks showed a very high level of genetic contribution of 0.83 (Paik et al., 2012) . However, the participants in the study were younger, with an average age of 30 years, and shared environmental effects, including other environmental factors such as smoking and medical history of atopic dermatitis, were not considered. Considering that these environmental contributions were not accounted for in the Mongolian study, differences in the heritability estimates might be smaller with our study. We believe estimates in our study are stable because we involved more subjects with diverse genetic distances, and we accounted for a range of environmental factors.
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We found that the heritability of sebum or humidity was weakly attributable to genetic contributions. However, if the shared environments are not accounted, the heritability of sebum, humidity increased to 0.41, 0.38 (arm), and 0.48 (cheek). It is noteworthy because some studies, such as nuclear family studies, cannot properly address shared environmental effects among family members. When shared environments are mixed with background polygenic effects, the heritability estimation might be inflated for skin sebum secretion or skin humidity levels.
The meaning of 'shared environments' for sebum secretion or humidity cannot be specified in this study alone. Because we adjusted for associated factors in each analysis, the 'common environments' refer to other unaddressed factors independent of both genetic or covariates in this study. Nutrition or other shared lifestyle factors, as well as indoor environments, might be possible explanations.
Quantitative genetic and environmental contributions to skin melanin index, sebum secretion, or humidity level would provide insight not only to the underlying biology of the traits, but related skin disease as well. For example, excessive sebum secretion or alterations in the composition of the secretion is a risk factor of acnes vulgaris. And low level of skin humidity is associated with eczematous dermatitis or pruritus (Freedberg et al., 2003) . It is not clear with this study alone, whether genetic measures of skin melanin index in general healthy population are consistent with those among the clinical cases such as vitiligo. Our findings suggest that the role of sunlight exposure to skin melatonin index might be complex and probably interactive. The skin sites with more sunlight exposure (cheek) showed higher MZ ICC than with less (lower back skin). This might suggest that there exists a moderate level of heritability for baseline skin melatonin index, but the tanning ability might have more genetic influences.
This study confers several strengths. First, our data included various familial relationships in a Korean twin-family cohort, and these enabled us to decompose genetics and environments of skin phenotypes more precisely than those from classical twin studies or conventional family studies. Second, traits were measured from relatively large number of subjects by trained staff in centralized clinics, using standardized protocols. This study reported genetic contributions to general skin phenotypes such as sebum and humidity. This study has some limitations as well. First, the nature of the skin traits may differ from the anatomical sites. Our findings may not represent the influences of genetics on other sites. Second, our findings are mainly focused on the first question of the '20 questions' about skin biology. Even though the melanocortin-1 receptor (MC1R) gene is known as one of major genes that determine skin pigmentation (Latreille et al., 2009) , studies regarding which specific genetic variants are associated with skin melanin index in Asians or the environmental determinants of skin humidity will ensue. Third, the moderate genetic effects on the skin melanin index with adjustment for environments may need replications in other populations as well.
In summarizing, we estimated genetic and environmental contributions to commonly measured skin traits in a Korean twin-family cohort. Our findings suggest that level of inherited susceptibilities may differ between skin melanin index and sebum secretion or humidity level; genetics play a major role in skin melanin index but a lesser role in sebum secretion or humidity control. Sebum secretion and skin humidity are controlled predominantly by environmental factors, notably on shared environments among family members. We expect that our findings add insight to determinants of common dermatologic traits, and serve as a reference for biologic studies.
